Abstract Cervical total disc replacement (CTDR) has been increasingly used as an alternative to fusion surgery in patients with pain or neurological symptoms in the cervical spine who do not respond to non-surgical treatment. A systematic literature review has been conducted to evaluate whether CTDR is more efficacious and safer than fusion or non-surgical treatment. Published evidence up to date is summarised qualitatively according to the GRADE methodology. After 2 years of follow-up, studies demonstrated statistically significant non-inferiority of CTDR versus fusion with respect to the composite outcome 'overall success'. Single patient relevant endpoints such as pain, disability or quality of life improved in both groups with no superiority of CTDR. Both technologies showed similar complication rates. No evidence is available for the comparison between CTDR and non-surgical treatment. In the long run improvement of health outcomes seems to be similar in CTDR and fusion, however, the study quality is often severely limited. After both interventions, many patients still face problems. A difficulty per se is the correct diagnosis and indication for surgical interventions in the cervical spine. CTDR is no better than fusion in alleviating symptoms related to disc degeneration in the cervical spine. In the context of limited resources, a net cost comparison may be sensible. So far, CTDR is not recommended for routine use. As many trials are ongoing, reevaluation at a later date will be required. Future research needs to address the relative effectiveness between CTDR and conservative treatment.
Introduction
Spine disorders are related to a major burden of disease in the industrialised world. It is thought that one of the main causes of pain and neurological symptoms in the cervical spine are degenerative cervical conditions, also expressed as degenerative disc disease (DDD), although this concept has been discussed controversially [19] . Most importantly, pain can also be caused by other spinal structures such as facet joints and furthermore, degenerative processes and protrusions are very common and mostly do not cause symptoms.
Usually, pain or neurological symptoms in the cervical spine are treated with non-surgical methods. If this treatment fails, surgical interventions may be considered. Anterior cervical discectomy and fusion (ACDF) has been considered as the gold standard for surgical treatment of patients with non-responsive symptoms in the cervical spine, although not for pure axial neck pain.
As an alternative to arthrodesis, cervical total disc replacement (CTDR) is increasingly applied for surgical treatment. During the surgical procedure, the degenerated disc is removed completely and replaced by an artificial device. Different products from various manufacturers exist. It has been suggested that CTDR maintains anatomical disc space height, normal segmental lordosis and physiological motion patterns. In consequence, this should avoid adjacent disc degeneration (ADD) that has been observed in patients after fusion. However, whether ADD is a result of fusion per se or simply part of the natural history of the disease has been discussed controversially [6] .
Cervical disc replacement is indicated in patients with pain (radiculopathie and myelopathie) or neurological symptoms related to disc degeneration on one level between C3 and C7 after unsuccessful conservative treatment for at least 6 weeks unless in cases of severe or progressing neurological deficits. Contra-indications are advanced spondylosis, active infection, material allergies, cervical instability, multi-level disease, severe facet joint pathology, osteopenia, osteomalacia, osteoporosis or spinal metastases; additionally, fused levels adjacent to the treatment level has been defined as contra-indication [3] , although ongoing research is investigating whether these patients could still undergo CTDR [16, 18] .
The therapeutic aim is to reduce pain and disability and to improve quality of life, patient satisfaction and return to work. Additionally, lower rates of ADD should be achieved.
Meanwhile a number of clinical studies have been published that compared total cervical disc replacement with surgical fusion. Some of the earlier studies have already been summarised in reviews [3, 6, 12, 19] . The most recent randomised controlled studies (RCT) have, however, not been included. The aim of this review is therefore to present the currently available evidence in a systematic way.
We aim to answer the research question whether cervical artificial disc replacement is more efficacious and safer than (a) surgical fusion or (b) non-surgical interventions in patients with clinical symptoms due to disc degeneration who have had unsuccessful conservative treatment.
Method
We undertook a systematic literature review according to the current methodological standards [7] . This included a systematic literature search in common medical data bases [Medline via Ovid, Embase, Cochrane Central Register of Controlled Trials, NHS-CRD-HTA (INAHTA)] that was supplemented by a hand-search. Table 1 demonstrates the criteria we chose for literature search and subsequent selection of references. The literature search was restricted to the period between 2000 and January 2010 and to publications in English or German. In Medline and Embase, we restricted the search to high-level evidence according to 'evidence-based medicine standards' and we selected RCTs only from the references identified. Selection of references and data extraction was done by two researchers independently. For summarising the evidence, we used the GRADE methodology that provides a tool to grade the evidence according to pre-defined criteria for each outcome parameter selected [9] .
Results
Via systematic search, we identified 1,038 references. Via hand-search and requested material from manufacturers we found further 95 publications resulting in a total number of 1,133 references. The selection process is demonstrated in Fig. 1 . As shown in Table 1 , we limited the selection of papers to high-level evidence of RCTs. In total, seven RCTs are available that compare cervical disc replacement with fusion. None of the studies addressed the question whether artificial disc replacement is more effective and safer than non-surgical methods. Ten studies that present interim or single-centre results were excluded from the analysis. Additionally, 18 non-comparative case series were excluded from the review.
Study characteristics
Study characteristics and results are presented in Table 2 . All studies identified compared CTDR with ACDF. Patient inclusion and exclusion criteria in the RCTs differed between the studies and were not always transparently stated. The studies included patients with a minimum age of 18-21 years whose symptoms were related to maximum of two levels (C3-T1). Patients suffered from pain, radiculopathy, myelopathy and/or neurological deficits and had either been unsuccessfully conservatively treated for at least 6 weeks or showed severe neurological symptoms. In most studies, the degenerative process had to be confirmed by radiographic examinations. The most commonly mentioned exclusion criteria were diseases of the facet joints at the affected level, unclear arm or neck pain, severe spondylosis, osteoporosis, allergies against used material, autoimmune diseases (e.g. rheumatoid arthritis), severe diabetes or adipositas, diseases who require long-term medication (e.g. steroids) and mental illness. Most of the RCTs were conducted in the USA as 'Food and Drug Administration investigational device exemption studies' [1, 10, 13, 14] . One study was based in Germany [15] and one in China [5] . In the majority of studies, the artificial disc implanted was the 'Bryan cervical disc'. Almost all of the RCTs applied a non-inferiority study design. This means that the primary outcome measure is not tested for superiority but for equality. The number of patients in the studies varied from 49 to almost 600. Mean age of the study population was mainly between 40 and 50 years. Patients were followed for 2 years except in one study were the follow-up period was 3 years.
To demonstrate patient-related outcomes studies used the neck disability index (NDI), visual analogue pain scales and a generic instrument for measuring the general health state (SF-36). Additionally, patient satisfaction, the employment rate and the time to return to work were measured. The primary endpoint in the RCTs was a combined endpoint called 'overall success'. Overall success occurred when patients reached a pre-specified reduction in disability in combination with no serious complications, maintenance or improvement in neurological status and specific radiological parameters.
Overall study quality
According to the GRADE methodology, study results were summarised for each of the selected outcome parameters. The results are shown in Table 3 . The methodological quality of the studies was assessed according to the Cochrane checklist [11] . We defined the randomisation process and the blinding of assessors as most important criteria for internal validity of the studies. According to this quality assessment, rating was between fair and poor for the studies included. When more than one study addressed the outcome parameters in question, the results were consistent. The available evidence showed directness, meaning Heller [10] Cheng [5] Anderson [1] Mummaneni [13] Nabhan [15] Robertson [17] Country that studies compared the two alternatives in question head to head and addressed the same question as in our research question with respect to population, comparator and outcome. In summary, the strength of evidence for CTDR compared with fusion is moderate. This means that further studies may probably have an important influence on the comparative rating of efficacy and safety.
Efficacy of CTDR compared with fusion After 2 years, studies consistently demonstrated that in terms of the combined endpoint 'overall success' artificial disc replacement (with the products Pro-Disc C, Prestige St, Bryan Cervical disc) is not inferior to fusion [10, 13, 14] . Non-inferiority was statistically significant. Additionally, two studies [10, 13] showed a slight and statistically significant superiority of 4-11% points.
Concerning the parameters disability, pain, general health state (SF-36), neurological success and satisfaction, improvement was demonstrated in both groups. Except for some selected sub-categories in single studies (e.g. neck pain), benefits for the patients in the CTDR-group were not significantly higher than for those in the fusion group [5, 10, [13] [14] [15] . Furthermore, in two studies [13, 14] patients in the prothesis group returned to work on average 15 days earlier than patients in the fusion group. However, no difference in the employment rate was found after 2 years.
In one study [15] , pain reduction was additionally evaluated after 3 years where no difference between the two groups could be demonstrated. None of the technologies achieves complete disappearance of symptoms.
Safety of CTDR compared with fusion
The most common complications in both groups were 'general complications' (e.g. wound infection, dysphagia/ dysphonia, allergic reactions). They occurred in maximal one-third of patients in both groups. One study demonstrated a significantly higher rate of ADD in the fusion group [17] , however, the rate of secondary surgical procedures was not statistically different between the groups (up to 5% of prothesis-patients and up to 9% of fusionpatients had to undergo a re-operation). No procedurerelated deaths were reported. Frequency of complications was very similar between the two groups but differed considerably between studies.
Discussion
The review has shown that individual patient-related outcomes (quality of life, pain reduction, disability) were not better in the prothesis group than in the fusion group. Although marginal superiority could be demonstrated for specific sub-parameters (e.g. return to work), the benefit is relative in the general context. For example, while some studies demonstrated that patients after disc replacement return to work a few days earlier, the overall employment rate after 2 years did not differ between the groups. Complications are similar in both groups.
The only parameter that consistently showed statistically significant results was the combined endpoint 'overall success'. The non-inferiority design means that this primarily confirms that artificial disc replacement is not worse than surgical fusion. Only two studies demonstrated a marginal but clinically questionable benefit of disc replacement over fusion for the endpoint 'overall success' [10, 13] . Moreover, the validity of the individual components of the combined endpoint has been debated. For example, superiority for the composite outcome in the 'Prestige St trial' and in one of the 'Bryan trials' [10] is most certainly attributable to the problematic neurological component in the composite measure [3] .
The validity of the study results is limited for the following reasons: First, the non-inferiority design is usually less stringent for demonstrating efficacy than a standard clinical trial. It is usually employed when a margin of inferiority of a new technology is accepted because it is offset by some other advantages such as less invasiveness, lower costs, etc. Such advantages were not evident in the case of the artificial disc trials. Hence, the study design is questionable [2] . Secondly, study quality is limited due to unblinding of outcome assessors, exclusion of patients after randomisation and unclear or no intention-to-treat-analysis. Additionally, some studies have shown high drop-out rates [10, 13] and used non-validated instruments for eliciting patient-related outcomes [10, 13] . This could have biased the results towards the intervention group. Finally, patients are on average between 40 and 50 years old. Hence, longterm durability and performance of the device are very important. The follow-up period of 2 years is too short to obtain evidence on the long-term success of the device.
At least 14 studies on cervical artificial discs are registered as ongoing. Some interim results have already been presented at conferences but publications showing the relevant data have not been available so far.
Not least, according to MRT studies, degenerative changes of the intervertebral disc are often wrongly considered as causes of pain [4, 19] . Bearing this in mind, the decision for surgical intervention needs to be made very carefully. As a study by Grob et al. [8] shows, the spectrum of indications in general practice is wider (e.g. multi-level disease) than the inclusion criteria in clinical studies. More long-term observational data are required to evaluate whether these patients benefit from CTDR. Additionally, due to the numerous contra-indications very few patients may be considered for surgical interventions per se. In that context, it seems to be a severe deficit that no studies have been conducted so far which compare artificial disc replacement with non-surgical interventions.
The main limitation of the paper is related to the methodology of systematic reviews. Although the review is based on standard methodological approaches and uses validated quality checklists, the final judgement of the technologies under evaluation is ultimately subjective. We tried to address this limitation by being as transparent as possible about the research process, the data used and the judgements made. As even more studies will become available, a meta-analysis could be undertaken to summarise the study results in a quantitative manner.
Conclusion
Cervical total disc replacement has been presented as a promising new technology to treat patients with pain or neurological symptoms secondary to degenerated discs that do not respond to conservative treatment within 6 weeks. The evidence from randomised controlled clinical studies has shown that after 2 years CTDR is equal to fusion surgery in terms of outcomes and complications. In the context of limited resources, we recommend to additionally analyse the costs of the two technologies and to propose the technology that shows lower net costs until new research data is available. Because a number of studies are ongoing, we need to re-evaluate the technology when new evidence is available. Until then, CTRD is not recommended for routine use but should be restricted to research settings only.
